Mr= 142.07, hexagonal, P63 (or monoclinic, P2~), a=5.146(1), c=8.636(2) A, V= 198.05 (8)A a, z=2, Dm=2.33, Dx=2.382(1) g cm -3, ~,(neutron) = 1.036 ,/k, Pc = 0.44 cm -l, T = 302 K. Refinement with 278 observed (>tr) reflections with sin0/2 _< 0. 65 A -~ gave R(F)=0.0358. The study has revealed merohedral twinning of the crystal by rotation around the [110] axis, and large thermal motion for the apical sulphate oxygen. Attempts to refine the structure by displacing this oxygen off the threefold axis in P63 resulted in excessively high distortion (~9 ° ) in the bond angles of the SO 2-ion. An alternative refinement in space group P2~ gives a somewhat better R value than in P63 (ordered).
Introduction. Lithium potassium sulphate is a member of the family of crystals with the general formula MIMUBX4 (where M I = Li, Na; M u = Na, K, Rb, Cs, NH4, NzHs; BX4=BeF4, SO4, SiO4). In the classification of Buerger (1954) , LiKSO4 is a 'stuffed derivative' of the tridymite-type of silica structure. The structure is exactly isotypic with the kalsilite form of KAISiO4.
The title compound is known to exhibit the following phase transitions:
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The existence of the phase transition at 198 K has been reported recently by Breczewski, Krajewski & Mr6z (1981) , from pyroelectric and dielectric properties, and by Bansal, Deb, Roy & Sahni (1980) using laser-Raman scattering. Bansal et al. have attributed the phase transition to a reorientation of one of the SO]tetrahedra in the unit cell. Extensitve studies on the physical and thermal properties of the substance have been reported. Some of these properties show anomalous behaviour indicating the phase transitions. These include thermal expansion (Sharma, 1979; Ranga Prasad, Venudhar, Iyengar & Krishna Rao, 1978; Ando, 1962) , pyroelectric and dielectric properties (Madhu & Narayanan, 1981;  0108-2701/84/101648-04501.50 Ando, 1962) , etc. A weak anomaly at 253 K has been observed by Holuj & Drozdowski (1981 ), Breczewski et al. (1981 and Sharma (1979) , and the possibility of a new phase has been suggested.
The preliminary structural data on LiKSO4 based on X-ray powder diffraction date back to 1925 (A. J. Bradley), with the approximate positions of all the atoms in the structure (except lithium) having been determined. A later structural study by Chung & Hahn (1973) , using single-crystal X-ray diffractometer data, revealed a possible splitting of the anions around the threefold axis, but the details of the structure have not been published.
This study was carried out to determine the precise structure of LiKSO 4 at room temperature. Preliminary accounts have been presented elsewhere (Bhakay-Tamhane, Sequeira & Chidambaram, 1981 , 1982a and a brief summary has been reported (Bhakay-Tamhane, Sequeira & Chidambaram, 1982b) . After completing this manuscript, we were informed of the recent paper by Karppinen, Lundgren & Liminga (1983) describing the results of their X-ray study.
Experimental. Neutron data recorded using the TDC-312 computer-controlled four-circle diffractometer (Sequeira et al., 1978) at the CIRUS reactor, Trombay. Crystal 0.44 x 0.27 x 0.21 cm, weight 56.8 mg, cut from a large solution-grown single crystal and mounted with its b axis along the ~0 axis of the diffractometer. 0-20 step-scanning mode, 215 reflections (+h, +k, +/) up to sin0/~,=0.65 A -1 recorded. Cell parameters from the peak positions of 51 strong reflections.* Systematic absences consistent with space group P63.
Preliminary examination of the intensities indicated the possible existence of secondary extinction in the crystal. Hence 85 hkl data within sin0/2 = 0.40 A -1 were collected additionally. Intensities of equivalent reflections were not averaged. Those of nine reflections which were observed negative were retained as negative. The data were reduced to structure factors using DATRED (Rajagopal, Srikanta & Sequeira, 1973, unpublished) , which includes the absorption-correction program ORABS (Wehe, Busing & Levy, 1962) . Absorption factors varied between 0.88 and 0.92. *Cell parameters in P2~ refinement: a=5.146(2), b--5.144 (2),c=8.635 (2)/k, y= 119.98 (1) °.
The atomic parameters (x,y,z) reported by Bradley (1925) were used as the starting parameters and the initial structure with isotropic temperature factors and extinction was refined on F 2 using the full-matrix least-squares program TRXFLS [Rajagopal & Sequeira, 1977, unpublished - a modified version of ORFLS (Busing, Martin & Levy, 1962) ] based on 215 independent hkl reflections. Since the space group is hexagonal polar with I F(hkl) I 4: I F(khl) I, there existed an ambiguity in the choice of a and b axes. Therefore, refinement of the structure with the atomic parameters changed to (y,x,z) was also carried out. The structure, even in this left-handed system of axes, hereafter model B, refined to a local minimum, though the residual R(F) = 0.195 was much higher than R(F) = 0.139 for the starting model, A. Model A, refined further using anisotropic temperature factors and isotropic extinction (Zachariasen, 1968) , gave R(F) = 0.0682. This reduced to 0.0653 on introduction of anisotropic extinction (type II) which is rather high in comparison with our earlier experience with data from the same diffractometer [typically, R(F) ~ 0.03]; the mutual agreement factor for the intensities of standard reflections, repeated after every 20 reflections, was also better than 3.0%. In view of this, refinement using various models with different types of disorder for the SO ]-group was attempted. This included partial disorder between models A and B and also disorder between two SO42positions staggered by 60 ° rotation about the threefold symmetry axis, neither of which converged satisfactorily. In another disordered model which incorporated splitting of O(1) as proposed by Chung & Hahn (1973) , the O(1) atom did not converge to a unique position.
At this stage, twinning in the crystal was suspected.* Accordingly, a refinement incorporating twinning around the [ll0l axis was attempted by averaging intensities (rather than structure factors) from the two models A and B. The Fc 2 for the twin model was defined
This refinement involving the variation of only one additional parameter (f), defining the proportion of the two twin domains, was carried out with a minor alteration of the least-squares program TRXFLS and resulted in a dramatic fall in the R value to 0.0312.
Addition of the ttkl data at this stage increased R to 0.0358. All further refinements were continued with the enhanced data set. The relative fractions of the two twin domains refined to 0.790:0.210 (6).
Even in the twinned model, oxygen O(1) on the threefold axis showed large thermal motion normal to the S-O(1) bond. A refinement with disorder (splitting) * It would be pertinent to note here that the crystal used for data collection did not have any re-entrant angles and did not show any twinning when examined under a polarized microscope. Thus twinning was not suspected initially.
of O(1) in P63 led to a significant improvement in R(F) (0.0338). This refinement, however, results in a considerable distortion (~9 ° ) of the bond angles in the SO42-tetrahedron with O(1) displaced from the threefold axis by ~0.27 ,/k. Further, the O(1) position could converge to three distinct sets of positions, depending on the starting coordinates. Attempts to refine the structure incorporating the tilting of the SO42ion as a whole so as to correspond to one of the three disordered O(1) positions resulted in a considerably worsened agreement, thereby ruling out possible orientational disorder of sulphate ions.
The structure was also refined in the lower-symmetry space group P21 varying only the O(1) parameters and freezing the parameters of other atoms at the values obtained in the P63 refinement. The final residual was 0.0342. However, the refinement did not result in any significant reduction in the thermal motion of O(1). O(1) in this space group (P21) converged to a position very close to that obtained in P63 [O(1) atom ordered].* The distortion of the SO 2-tetrahedron in this space group is practically negligible.
In general, the O atoms have large anharmonic thermal motion which could perhaps be accounted for by using higher-order cumulants as in the X-ray study (Karppinen et al., 1983) . However, since our twinned model has already refined to R (F) = 0.0342, we do not expect as significant an improvement with inclusion of cumulants as was observed in the X-ray study.
All the twin-model refinements were carried out using type II anisotropic extinction (Coppens & Hamilton, 1970) which gave marginally lower R values compared with type I. The final extinction parameters (× 10 6 mm -2) in the P2~ refinement were: W,1 = 9.8 (1.3) Wlz =-0.9 (7) W22 = 4.8 (7) WI3 = 0.2 (7) W33= 1.3(5) Wz3= 1.7 (4) where W defines the anisotropic particle size r(N) = [glWN] 1/2 in the direction of unit vector lq, normal to the incident beam in the scattering plane, having components (NvN2,N3) in the ~0-axis system. The weighting scheme, w = [0.035 + (0.035Fo2)] -2 based on error analysis was used in all the final stages of refinement. The parameters resulting from the P63(ordered), P63 (disordered). and P21 refinements are given in Table  1 . Irrespective of the number of parameters varied in the least-square cycle and the space groups used, the twin fraction converges to --0.206 within 2a. The constrained P63 (disordered) and P21 refinements have only 19 variable parameters (one scale factor + one twin fraction + nine O(1)-atom parameters + six extinction parameters + the scattering amplitudes bs and * When the atoms 0(2), S, Li, K were also floated, the resulting changes in their parameters were insignificant. (14) 219 (6) All calculations were performed on the PRIME-450 computer installation at BARC, Trombay.* Discussion. The results of this neutron study are in close agreement with the results of the recent X-ray study (Karppinen et al., 1983) regarding the nature of twinning in LiKSO4. It is interesting to note that the value of the twin fraction [0.210 (6)] obtained in this study is surprisingly close to that obtained by the X-ray study (0.242).
Bond distances and angles calculated using ORFFE (Busing, Martin & Levy, 1964) for the P2~ twin refinement are shown in Table 2 with those obtained in the P63(ordered) and P63(disordered) refinements. The bond distances and angles resulting from the P63(ordered) refinement are in very good agreement with the corresponding X-ray values.
As stated earlier, the P2~ refinement is marginally better than the P63(ordered) but there are no significant differences in the cell parameters and the interatomic distances resulting from these two. The ordered space group P63 cannot, however, be rejected on the basis of the refinements reported in this paper at a significance level better than 1%. Similarly the existence of disorder * Lists of structure factors for the three refinements have been deposited with the British Library Lending Division as Supplementary Publication No. SUP 39235 (19 pp.) . Copies may be obtained through The Executive Secretary, International Union of Crystallography, 5 Abbey Square, Chester CH1 2HU, England. (7) 3.000 (7) 1.925 ( of O(1) in P63 cannot be rejected at significance levels better than 1%; the excessive distortion in the bond angles of the SO ]-ion seems to make this kind of disorder less likely.
Figs. 1 and 2, drawn using OR TEP (Johnson, 1965) ,
show the LiKSO 4 polyhedral linkages in the crystal. The figures are drawn for the P63 (ordered) model for convenience. Fig. 1 gives the view along the c axis with only one tetrahedral layer being shown. In successive layers, which are almost exactly eclipsed in this view, an LiO 4 tetrahedron pointing up is replaced by a SO 2tetrahedron pointing down etc. The K + ions have ninefold coordination and fill the large voids in the (LiSO4)-network. Fig. 2 gives a view of the unit cell showing the 'double chain' of tetrahedra. The crystal is very loosely packed and shows interesting lowtemperature phase transitions. A recent EPR study (Fonseca, Ribeiro, Gazzinelli & Chaves, 1983) has suggested an unusual sequence of incommensurately modulated and commensurately modulated structural phase transitions in LiKSQ. A proper understanding of these phase transitions will not be possible until detailed structures of the low-temperature phases become available. Fig. 1 . View along the c axis; the thermal ellipsoids include 30% probability density. Only one tetrahedral layer is shown. The arrangement of tetrahedra is trydymite-like with adjacent tetrahedra pointing in opposite directions along the c axis. Thus the sequence of 'Up' (SO 4) and 'Down' (LiO4) tetrahedra is UDUDUD .... We are grateful to Dr A. P. Roy for helpful discussions and to Shri S. N. Momin for maintenance of the diffractometer.
Note added in proof" The coordinates given in Table 1 have been recast to make them compatible with the X-ray values (Karppinen et al., 1983) , as requested by the Editor. They now correspond to the 20% twin fraction B described in this paper rather than the 80% fraction A.
A quantitative comparison of the neutron and X-ray parameters using a half-normal probability plot shows a straight-line distribution with a slope of about 3, indicating an underestimation of the standard deviations in either or both the studies.
